substitution patterns. The integrity of collagen's triple helical structure was also evaluated based on spectra collected from demineralized dentin films of selected teeth. The results support the argument that STZ is the real sclerotic layer, and they corroborate the established knowledge that collagen in TZ is hardly altered and therefore should be reserved for reparative purposes. Moreover, the close resemblance between the STZ and the NZ in terms of carbonate content, and that between the STZ and the TZ in terms of being Atype carbonate-rich, suggest that the mineral that initially occludes dentin tubules is hydroxyapatite newly generated from odontoblastic activities, which is then transformed into whitlockite in the demineralization/remineralization process as caries progresses.
ical and mechanical properties of the constituent mineral phase and collagen matrix [Fejerskov and Kidd, 2008] . For instance, the infected layer [Fusayama and Terachima, 1972; Fusayama, 1979] , which was found to be comprised of denatured collagen that has lost the potential for remineralization, becomes the consensus target for removal. Conversely, the affected layer, which is partially demineralized and remineralizable with collagen fibrils retaining their natural structure around intact dentinal tubules, is to be preserved to maximize reparative potential and to reduce the risk of pulp exposure [Pugach et al., 2009; Alleman and Magne, 2012] . In the meantime, much knowledge of the various zones in the affected layer has been obtained, particularly the transparent zone (TZ) and the normal zone (NZ) [Ogawa et al., 1983; Marshall et al., 2001; Zheng et al., 2003 Zheng et al., , 2005 Pugach et al., 2009 ] using a variety of techniques including microradiography, staining, indentation and electronic microscopy.
Despite all the discoveries that have been made on carious dentin, few studies approach the subject from the perspective of the fundamental chemistry of the constituent molecules. That is, the vast majority of the work has been focused on the histological, microscopic and mechanical aspects of carious dentin, but rarely on the underlying molecular structure which is integral to a full understanding of the disease, especially its effect on the mineral content and collagen matrix. In this respect, Fourier transform infrared spectroscopy (FTIR) is a powerful tool in generating direct information about the molecules of a sample [Barer et al., 1949] . By probing the infrared absorption caused by covalent bond vibration, the structure of a chemical and its content can be readily inferred from the location and intensity of the corresponding characteristic infrared signals. Particularly, the mid-infrared region (4,000-500 cm -1 ) is frequently examined to produce molecule-specific vibrational signatures for biological samples [Boskey and Pleshko Camacho, 2007] . With the release of focal plane array detectors in the early 2000s, fast acquisition of large arrays of FTIR spectra in a short period of time became possible, which prompted the advance of the FTIR imaging technique [Wang et al., 2009] . Essentially a combination of light microscopy and FTIR, FTIR imaging provides spatially resolved chemical characterization of microscopic areas of a sample. It has been widely used in biological studies to elucidate the molecular differences within and between various tissues [Kazarian and Chan, 2006; Verdelis et al., 2007; Della Ventura et al., 2010; Noreen et al., 2012] . Compared to the conventional histological and microscopic methods, the FTIR imaging technique is recognized to be advantageous because it is fast, non-intrusive, stain-free, quantitative and less prone to human subjectivity [Bird et al., 2008; Noreen et al., 2012] .
As such, we undertook the current work as the first investigation of the spatial variation of carious dentin's chemical structure using an FTIR imaging system. In particular, the chemical composition of the subtransparent zone (STZ), a transition area between the TZ and the NZ discovered and apparently named by Ogawa et al. [1983] was analyzed for the first time. The mid-infrared region, including the characteristic infrared bands for the mineral phase (phosphate and carbonate ions) and organic phase (collagen amide I and amide III), was examined using undemineralized and demineralized ultrathin sections of carious dentin. The null hypothesis was that there is no difference across the TZ, the STZ and the NZ of caries-affected dentin with regard to overall mineral content, degree of collagen denaturation, and carbonate distribution and substitution patterns. The infected zone was not studied due to the limitations of our sample preparation procedure; that is, we refrained from embedding the samples in any resin to avoid alterations to the spectra caused by ethanol/glycerol fixation and resin spectrum subtraction [Aparicio et al., 2002] . As a result, the mechanically weak infected dentin could not survive the sectioning employed. Nevertheless, the present work should provide valuable information regarding dentin's molecular structural changes across the affected region, including the TZ, the STZ and the NZ.
Materials and Methods
Human molars with occlusal carious lesions were collected from the Oral Surgery Clinic at the University of Missouri-Kansas City (UMKC) School of Dentistry after obtaining the patients' informed consent under a protocol approved by the UMKC adult health sciences institutional review board. Extracted teeth were stored at 4 ° C in 0.96% (w/v) phosphate-buffered saline containing 0.002% sodium azide before being split in half in the occlusal-apical direction through the lesions using a slow-speed water-cooled diamond saw (Buehler, Lake Bluff, Ill., USA). A total of 7 teeth were selected (designated T1-T7), all of which had half or more of the cross-sectional area being apparently normal dentin under a light microscope, and were subsequently subjected to further processing. In more detail, sections in the same occlusal-apical direction were made with a tungsten carbide knife mounted on an SM2500S microtome (Leica, Deerfield, Ill., USA), resulting in several 2-μm-thick undemineralized dentin films per tooth. During the microtoming process, the tooth samples and the knife edge were kept moist with distilled water, and the sectioned dentin films were allowed to slide onto the knife and later collected on 13-mmdiameter, 1-mm-thick barium fluoride (BaF 2 ) disks with a fine paintbrush. For each tooth, its corresponding undemineralized 322 dentin films were inspected under a light microscope, from which one of the least cracked was chosen to represent the tooth and proceed with FTIR imaging. Furthermore, for four randomly selected teeth (T2, T3, T5 and T7), additional undemineralized films were harvested, demineralized in 0.5 M EDTA solution (pH = 7.4) for 12 h [Pashley et al., 2001] and then rinsed three times with deionized water before being loaded on the BaF 2 disks. These demineralized dentin films were screened for integrity under a light microscope in a similar way. To ensure the flatness of the films, one additional BaF 2 disk was used to sandwich each film before it was air dried in a fume hood over a week.
Each undemineralized dentin film and the BaF 2 disk support were placed directly on the motorized stage of the Spectrum Spotlight FTIR imaging system (Perkin Elmer, Waltham, Mass., USA). By examining under the light microscope the dentin films as well as the remaining dentin blocks from which the films had been sectioned, the NZ of each dentin film was located. Images were then scanned, spanning the region from the top of the carious lesion down to the NZ, at a pixel resolution of 6.25 μm in the mid-infrared region of 4,000-720 cm -1 and a spectral resolution of 16 cm -1 with 8 scans per pixel. An atmospheric correction was applied to remove the contribution of the atmosphere background, primarily water vapor and carbon dioxide. The scanned area ranged from 1 to 5 mm 2 , providing images that contained approximately 25,000-125,000 individual spectra each. The determination of band area and band ratio was performed with the Spotlight software (Perkin Elmer) following a two-point baseline correction and band area integration. The band ratio between ∼ 1,035 and ∼ 1,655 cm -1 (A 1,035 /A 1,655 ), attributed to the ν 3 vibration of hydroxyapatite phosphate ion and the C=O stretching of collagen amide I, respectively, was used to represent the mineral-to-matrix (M/M) ratio [Paschalis et al., 1997] . The final visualization and color rendering of the band ratio intensity map were realized with the Python software (Python Software Foundation, Del., USA).
Based on the large-area images acquired above, the TZ, STZ and NZ of each undemineralized dentin film were identified, from which additional spectra were collected at a higher spectral resolution. In more detail, small localized FTIR images (50-100 × 50-100 μm) were obtained from each zone at the same pixel resolution as the large-area images, but the spectral resolution was raised to 4 cm -1 and 128 scans per pixel. Afterwards, 10 spectra were randomly sampled from each small image while avoiding the vicinity of obvious cracks. The spectra were exported to the Spectrum software (Perkin Elmer) and averaged to one single spectrum representing the zone from which it was taken. The average spectra were further analyzed with the Spectrum software as follows. First, A 1,035 / A 1,655 was re-calculated, producing the M/M ratio at a higher spectral resolution. Second, A 872 /A 1,035 was determined in a similar way to assess the distribution of carbonate content within the mineral phase. Third, the band ratio between 1,660 and 1,690 cm -1 (I 1,660 / I 1,690 ) was evaluated according to published procedures [Boskey et al., , 2003 ] to gauge the relative amount of non-reducible and reducible cross-links in collagen. Lastly, the range of 920-820 cm -1 (corresponding to the carbonate ν 2 vibration) was self-deconvoluted using a Bessel filter with gamma of 1 and length of 0. The relative content of A-type and B-type carbonate was assessed from the resultant resolution-enhanced spectra [Rey et al., 1989 [Rey et al., , 1991 by calculating the band ratio between 879 and 872 cm -1 (I 879 /I 872 ). Additional high-resolution spectra were collected from demineralized dentin films of four selected teeth in a way similar to their undemineralized counterparts. However, the precise selection of the STZ in the demineralized samples was not possible due to lack of mineral 'fingerprints' like in undemineralized dentin. Therefore, spectra were obtained from the TZ and the NZ only, which were then examined with respect to the band ratio between ∼ 1,235 cm -1 for amide III and ∼ 1,450 cm -1 for CH 2 scissoring (A 1,235 /A 1,450 ).
Statistical analysis was performed with Statistical Product and Service Solutions (SPSS version 20, IBM SPSS, Inc., Chicago, Ill., USA) and a nominal level of significance of 0.05. Repeated measurement analysis was used to test the overall effect of location including the TZ, the STZ and the NZ. In the procedure of repeated measurement analysis, Mauchly's W approach was utilized to test the assumption that the error covariance matrix of the orthonormalized transformed dependent variables is proportional to an identity matrix. If the aforementioned assumption did not hold, the Huynh-Feldt test was applied to identify whether the effect of location was significant or not; otherwise, Fisher's F test was used. On the basis of the significant effect of location, the paired t test was used to detect whether two locations differed or not.
Results
The optical and FTIR images of a representative tooth are shown in figure 1 . The red rectangles in figure 1 a and b demonstrate the approximate area from which the large-area FTIR image was taken. A typical spectrum from the FTIR image is given in figure 1 c, where the bands of interest are illustrated in different patterns, including amide I at ∼ 1,655 cm -1 (grid) and phosphate ν 3 vibration at ∼ 1,035 cm -1 (shade). The image of the M/M ratio ( fig. 1 d) results from the band ratio between phosphate ion and amide I. It is clear that a zone with a higher M/M ratio is sandwiched between two zones of lower M/M ratios. The three zones are identified to be the TZ, the STZ and the NZ in the order of increasing distance from the carious lesion.
Representative spectra of the TZ, the STZ and the NZ in the range of 1,800-800 cm -1 collected at a high resolution of 4 cm -1 and 128 scans are shown in figure 2 a. The spectra are normalized based on the amide I band. It can be seen that the bands due to mineral content, including carbonate ν 3 vibration at ∼ 1,410 cm -1 , phosphate ν 3 vibration at ∼ 1,035 cm -1 and carbonate ν 2 vibration at ∼ 872 cm -1 , exhibit the most prominent changes. The M/M ratio of all 7 teeth determined at high spectral resolution, represented by A 1,035 /A 1,655 , is shown in figure 2 b. Consistent with the large-area FTIR images ( fig. 1 d) , the mineral content in the TZ, the STZ and the NZ follows the trend of STZ > NZ > TZ with statistical significance. In addition, the carbonate content within the mineral phase, represented by A 872 /A 1,035 ( fig. 2 c) , substantiates the transient nature of the STZ; that is, the carbonate con-tent of the TZ is significantly lower than that of the NZ, while that of the STZ is not significantly different from that of either the TZ or the NZ. Moreover, with regard to the collagen phase of carious dentin, the band ratio I 1,660 / I 1,690 ( fig. 2 d) indicates that there is no significant difference among the TZ, the STZ and the NZ in the relative amount of reducible cross-links.
Shown in figure 3 a is the magnified region of figure 2 a (920-820 cm -1 ), representing carbonate ν 2 vibration before self-deconvolution. After self-deconvolution, the bands attributed to A-type (897 cm ) carbonate ions are resolved ( fig. 3 b) , and the band ratio I 879 /I 872 ( fig. 3 c) as calculated from the resolutionenhanced spectra ( fig. 3 b) shows that the relative amount of A-type carbonate follows the trend TZ = STZ > NZ.
Representative spectra collected from four demineralized dentin films are shown in figure 4 a. The bands due to mineral content including phosphate and carbonate ions are clearly removed due to demineralization (green circles). The band ratio (A 1,235 /A 1,450 ) of the TZ is significantly lower than that of the NZ ( fig. 4 b) , although both are very close to unity.
Discussion
The band ratio between phosphate ion at ∼ 1,035 cm -1 and collagen amide I at ∼ 1,655 cm -1 (A 1,035 /A 1,655 ) has been widely used in the spectroscopic studies of calcified tissues to analyze the distribution of mineral content [Gourion-Arsiquaud et al., 2008] . Using this band ratio, the generated FTIR image ( fig. 1 d) clearly demonstrated the heterogeneous nature of caries-affected dentin in terms of mineral distribution. Three zones were distinct, across which the transition of mineral content in the order of increasing distance from caries lesion was not monotonic; that is, a zone with more mineral was sandwiched between two zones with less mineral. This apparent up-and-down distribution of mineral content corresponds well with a previous mechanical characterization of carious dentin. Thus, Ogawa et al. [1983] discovered that the Knoop hardness of carious dentin gradually increased from the discolored layer, the transparent layer to the subtransparent layer, and then dropped in sound dentin. Ogawa et al.'s work actually seems to be the first that designated the name 'subtransparent layer' to the transition zone between transparent and normal dentin. No other studies have been dedicated to the characterization of the subtransparent layer, but a few groups did also observe a non-monotonic pattern in terms of intertubular dentin's mechanical properties as it transitioned from the TZ to the NZ. For example, Marshall et al. [2001] examined carious dentin's hardness and elastic modulus at the hydrated state using a nano-indentation technique, and they found that values of intertubular dentin increased slightly from near the pulp into the TZ before staying constant or slightly decreasing through the TZ. Similarly, Zheng et al. [2003] used nano-indentation to determine the mechanical properties of carious zones identified by caries detector staining. Although the staining did not reveal the STZ, the hardness and elastic modulus profiles of intertubular dentin as a function of distance to carious lesion indicated a continuous increase of these two values into what was assumed to be normal dentin before starting to decrease. Moreover, in both Ogawa et al. T1  T6  T5  T4  T3  T2  T7   T1  T6  T5  T4  T3  T2  T7   T1  T6  T5  T4  T3  T2  T7   10 mechanical strength appeared to be a few tenths of a millimeter, in line with the FTIR images in the present work. As such, the three zones in our study were identified as TZ, STZ and NZ in the order of increasing distance to the carious lesion.
As an effort to study the fine molecular structure of hydroxyapatite and collagen in the TZ, the STZ and the NZ, spectra at a higher spectral resolution were obtained from each zone. Note that the collection of large-area FTIR images at the same high spectral resolution was not practical due to the constraints of time and computation power. As seen in figure 2 a, all spectra exhibited the typical features of mineralized dentin, and the absorbance of bands attributed to hydroxyapatite was obviously affected by the zone from which the spectrum was taken. It is worth mentioning that in all spectra, the strongest signal (phosphate ν 3 vibration at ∼ 1,035 cm -1 ) was integral with no sign of artificial shape change, which is only possible for dentin films ≤ 2 μm. Thicker films generally rendered a saturated absorbance, manifested by truncation of this band. Spectroscopic analyses revealed that the null hypothesis had to be rejected. In more detail, the mineral content in the TZ, the STZ and the NZ was ranked according to the M/M ratio (as determined by A 1,035 /A 1,655 ) re-calculated at high spectral resolution ( fig. 2 b) , and it was found that the STZ has the highest mineral content, followed by the NZ and the TZ. With regard to the NZ and the TZ, it has been long discovered that the mineral content in the TZ is lower than that in the NZ [Ogawa et al., 1983; Zheng et al., 2003; Pugach et al., 2009] , despite the fact that tubules in the TZ are filled or partially filled with mineral whereas those in the NZ are not [Zheng et al., 2003] wa et al., 1983; Zheng et al., 2003 ], but also direct measurement of mineral content using transverse microradiography [Pugach et al., 2009] . Our results agree with these findings and corroborate the argument that the TZ is not sclerotic [Fusayama, 1991] . When it comes to the STZ, only mechanical tests were done with outcomes implying a higher mineral content in the STZ than the NZ (and the TZ) [Ogawa et al., 1983] . Thus, the FTIR analysis presented here serves as the direct proof that the STZ contains more mineral than the NZ and is therefore the real sclerotic layer. As the transient area between the TZ (which is tubule-filled and demineralized) and the NZ (which is tubule-unfilled and undemineralized), the formation of the STZ likely results from the combined effects of tubular occlusion (like the TZ) and absence of demineralization (like the NZ). Meanwhile, the mineral phase of the three zones was examined regarding the overall carbonate content with respect to phosphate. As shown in figure 2 c, the mineral of the STZ was found to contain an equivalent amount of carbonate to that of the NZ. In contrast, the mineral of the TZ has a significantly lower carbonate level compared to that of the NZ, which reflects the intratubular mineral of the TZ being significantly altered from carbonated hydroxyapatite. Indeed, Frank et al. [1964] reported that 
